Abstract [ImH][trans-Ru
was characterized by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry in the presence and absence of the reductant ascorbate. The extent of Ru-nucleotide interactions increases slightly with lower pH and significantly in the presence of ascorbate, with differences in observed species distribution. Taken together, these studies demonstrate the accumulation of aquated and reduced derivatives of NAMI-A on RNA in vitro and in cellulo, and enhanced binding with nucleic acid targets in a tumorlike acidic, reducing environment. To our knowledge, this is also the first study to characterize NAMI-A treatment of S. cerevisiae, a genetically tractable model organism.
Keywords NAMI-A Á RNA Á DNA Á Anticancer drug Á Ruthenium several drawbacks: severe side effects, the development of resistance, and only minimal antimetastatic activity [1] . Research efforts to find more successful treatments have led to a number of promising new drugs. One Ru-based complex has received particular attention and is currently in phase II of clinical trials: [ImH] [trans-Ru III Cl 4 (DMSO) (Im)] (where DMSO is dimethyl sulfoxide and Im is imidazole), or NAMI-A (Structure 1) [2, 3] . This complex has shown low toxicity and remarkable efficacy against metastases, especially among lung carcinomas. Multiple effects may be involved in this antimetastatic activity, including interactions with the extracellular matrix and the cell surface, interference with NO metabolism, effects on tumor metalloproteinases, and transport into tumors through binding to serum proteins such as transferrin [4, 5] . NAMI-A also causes transient tumor cell cycle arrest in the premitotic G2/M phase [6] . In addition, the highly related [Na][trans-Ru III Cl 4 (DMSO)(Im)] (NAMI) has been shown to cause a marked reduction of tumor nucleic acid content [7] . This effect and its consequences have not yet been explored for NAMI-A. In short, NAMI-A is an extremely attractive drug candidate owing to both its antimetastatic activity and its low toxicity to healthy cells, but much remains to be determined regarding its mechanism of action.
Redox and ligand-exchange chemistry are also considered important to the mechanism of action of NAMI-A, and the in vivo effectiveness of aquated and reduced drug products has led to the conceptualization of NAMI-A as a prodrug [8] . The reduction potential of NAMI-A is ?0.016 V versus the standard calomel electrode in pH 7.4 phosphate buffer [9] , and as such, reduction from Ru(III) to Ru(II) is electrochemically attainable by the plasma and cellular reducing agents ascorbate and glutathione. In addition to the presence of ubiquitous reducing agents, rapidly dividing cancer cells provide a hypoxic environment [10, 11] accompanied by low pH levels [12] that affect reduction and subsequent reactivity. Furthermore, several pH-dependent equilibria are possible in vivo and, as such, there are expected to be multiple Ru species present, many of which have the potential to be therapeutically active [8] .
Ru anticancer therapeutics are known to bind to DNA in vitro and in cellulo [13, 14] . Indeed, treatment with NAMI-A results in Ru-DNA adducts. Similar to the case of cisplatin, the cytotoxic activity of NAMI-A has been correlated with Ru-DNA accumulation in several cancer cell lines [15] . Unlike the case of cisplatin, however, in the case of NAMI-A significant Ru-DNA accumulation and cytotoxicity occur at much higher drug concentrations than those needed for anticancer activity. In addition, although both drugs result in metal-DNA adducts, the types and potential consequences of those adducts differ significantly. Results from in vitro studies using calf thymus or plasmid DNA to investigate the consequences of NAMI-A treatment on global measures of DNA structure such as thermal denaturation or circular dichroism spectroscopic signatures suggest less overall structural effects for NAMI-A than with cisplatin, which could be due to the types of adducts formed or less accumulation for a given treatment method [16, 17] . The ''soft,'' nucleophilic N7 site of guanine is the main site of coordination for cisplatinderived Pt(II), with coordination to the N7 of adenine also observed [18] . Similarly, a hydrolysis product of NAMI-A, [trans-RuCl 4 
(H 2 O)(Im)]
-, has been observed binding to N7 of 9-methyladenine by NMR spectroscopy [19] . Ru binding to GMP following NAMI-A treatment has been documented by capillary electrophoresis coupled with inductively coupled plasma mass spectrometry (ICP-MS), and a strong preference for guanine over adenine bases was confirmed by electrospray ionization mass spectrometry [20, 21] . Because of their different propensities for monoadduct and diadduct formation, the in vivo adduct profiles produced by NAMI-A and cisplatin are expected to be different. This has been shown for NAMI in vitro, where transcriptional mapping found that the Ru drug produced fewer intrastrand GG adducts on double-stranded DNA than did cisplatin [22] . A minor amount of interstrand cross-links were formed (also fewer than for cisplatin), along with monofunctional adducts. To our knowledge, the specific geometries and percent occurrences of the different DNA adducts formed following NAMI-A treatment are not known.
RNA is chemically similar to DNA, but plays diverse roles in cell regulation and gene expression. In addition to well-known functional roles in translation (messenger RNA, transfer RNA, and ribosomes) a great deal is now being learned about the regulatory roles performed by RNAs such as small interfering RNA, microRNA, piwi-interacting RNA, and long noncoding RNA in both transcription and translation [23] . Consistent with these regulatory roles, the integrity of cellular RNA is monitored. RNA damage is linked to disease and can trigger Structure 1 programmed cell death [24] [25] [26] . Examples of ''ribotoxic'' responses include those produced by sarcin [25] and ricin [26] , toxic proteins that induce apoptosis through their interaction with the sarcin/ricin loop of the large subunit of the eukaryotic ribosome. In addition, there is evidence that both ribosomes and transfer RNA may play other specific roles in programmed cell death pathways [27, 28] .
Drug binding to RNA can impact cell fate via downstream effects on a wide range of RNA and regulatory pathways. Studies with cisplatin have shown significant drug accumulation in RNA as well as inhibition of RNA function in extracts [29] [30] [31] . This could be true for other DNA binding drugs such as NAMI-A. To our knowledge, the effect on RNA of treatment with NAMI-A has not been previously studied. In the work reported here, we used Saccharomyces cerevisiae for in cellulo analysis of drug accumulation in RNA, and we performed in vitro analysis of binding to RNA and DNA oligonucleotides. S. cerevisiae was chosen as a model system because it has been used to study a range of anticancer drugs [32] and RNA pathways [33, 34] , and is a genetically tractable system for future studies [35] . When S. cerevisiae is treated with NAMI-A, growth inhibition and accumulation of Ru in whole cells and cellular RNA is observed. The extent of Ru-nucleotide binding to model DNA and RNA oligonucleotides depends on both pH and reduction by ascorbate, where enhanced binding occurs under acidic, reducing conditions similar to those found in solid tumors. Taken together, these studies demonstrate significant binding of Ru from aquated and/or reduced derivatives of NAMI-A to RNA in vitro and in cellulo, and enhanced binding with nucleic acid targets in a tumorlike environment.
Materials and methods

Cell cultures and treatments
The S. cerevisiae strain used in this study was BY4741, a gift from the Stevens laboratory at the University of Oregon. All liquid cultures were grown on synthetic complete medium consisting of 0.67% yeast nitrogen base and 2% glucose as a carbon source supplemented with amino acids and nucleotide bases. Plated cells were grown on yeast extract-peptone-glucose (YEPD) agar plates (1% yeast extract, 2% peptone, 2% glucose, and 2% agar). Liquid culture growth was maintained in the dark at 30°C with shaking at 200 rpm. For each yeast treatment, a 10 mM NAMI-A stock solution was prepared fresh in 50 mM NaHPO 4 (pH 7.4) with 0.1 M NaCl exactly 10 min before the start of treatment. Yeast cultures were pregrown to an optical density at 600 nm (OD 600 ) of 5, medium at 30°C was then inoculated with them to an OD 600 of 0.075, and the cultures were treated with the given concentrations of NAMI-A.
Synthesis and characterization of NAMI-A
The two-step procedure described in the international patent held by Alessio et al. [36] was followed with slight modifications, as follows. In the second step, 0.782 g of [(DMSO) 2 H][trans-RuCl 4 (DMSO) 2 ] was dissolved in 15 mL of acetone and the mixture was stirred for 15 min to allow the compound to dissolve before adding 0.391 g of Im. The suspension was then heated and stirred at 30°C for 21 h. The product was collected via vacuum filtration, washing with acetone and ethyl ether, and drying under a vacuum. The final product was recrystallized by dissolving crude NAMI-A in DMSO to form a saturated paste, and then acetone was added to precipitate the product. NAMI-A was characterized using Fourier transform IR, Raman, and UV-vis spectroscopy. The spectra were in agreement with results from samples that were characterized via X-ray diffraction [37] .
Measurement of culture growth and cell survival
Culture growth was measured as OD 600 (conversion factor OD 600 , 1 absorbance unit at 600 nm is equivalent to 2.0 9 10 7 cells/mL). Cell viability was measured by plating serial dilutions of treated and untreated yeast onto drugfree YEPD agar plates (approximately 200 cells/plate) and counting the number of colonies formed after 3 days at 30°C. The number of colony-forming units (cfu) was determined by dividing the cfu counts of treated cultures by those of untreated cultures, which were assumed to be 100%.
Measurement of Ru content in whole cells and extracted RNA
Yeast cultures treated with NAMI-A were pelleted (6 9 10 7 cells for whole-cell measurements and 1.2 9 10 8 cells for RNA extraction) at 4°C and washed three times with Milli-Q water. RNA was extracted using a MasterPure RNA purification kit (Epicentre) according to the manufacturer's specifications. The RNA was then desalted on inhouse-prepared G-25 Sephadex spin columns (Bio-Rad) and quantified by absorbance at 260 nm. Mass was converted to moles of ribonucleotides using the average molecular weight of a ribonucleotide monophosphate. Both RNA and whole-cell samples were digested in 70% nitric acid (TraceSELECT, Fluka) for 2 h at 65°C and were then diluted to 2% (v/v) nitric acid with Milli-Q water. Ru content was determined by ICP-MS using a Thermo VG PQExcell quadrupole ICP-MS instrument equipped with a 115 In as an internal standard. Intracellular Ru content was estimated using an average volume of 36.6 fL calculated for a wild-type haploid strain of S. cerevisiae grown on YEPD medium [38] , whose cell size matches estimates for control samples from this study (Fig. S1 , and data not shown).
In vitro oligonucleotide treatment with NAMI-A RNA (Dharmacon) and DNA (IDT) oligonucleotides (T 6 GGT 5 , U 6 GGU 5 , and A 5 CCA 6 ) were heated to 90°C for 90 s, cooled to room temperature, and then incubated with 0, 150, and 450 lM NAMI-A (freshly dissolved in the appropriate buffer immediately before use) in 25 mM phosphate buffer (pH 6.0 or 7.4) at 37°C in the dark. All reactions were conducted for 6 or 24 h in 100 mM NaNO 3 and 2 mM Mg(NO 3 ) 2 . Ascorbate was freshly dissolved in water immediately before use and added to the buffered oligonucleotide samples (final concentration 2.5 mM) immediately before NAMI-A. Samples were desalted using in-house-prepared G-25 Sephadex spin columns (Bio-Rad) to stop the reaction.
Matrix-assisted laser desorption/ionization time-of-flight analysis RNA and DNA samples were purified using C 18 ZipTips (Millipore) with a procedure modified by Chapman and DeRose [39] from the manufacturer's protocol for RNA [40] . ZipTips were washed by aspiration three times with 1:1 MeCN/H 2 O, and were equilibrated by washing them three times with 0.1% trifluoroacetic acid. RNAs were bound to the tip by repeated aspiration of the analyte solution. Bound RNA was washed three times by aspiration with 0.1% trifluoroacetic acid and three times with Milli-Q water, and was then eluted from the column using two washes of 1:1 MeCN/H 2 O. The eluent was dried to completion by a SpeedVac and resuspended in a matrix consisting of 375 mM 2 0 ,4 0 ,6 0 -trihydroxyacetophenone [THAP; Sigma-Aldrich, puriss. p.a., matrix substance for matrix-assisted laser desorption/ionization (MALDI) mass spectrometry], 30 mM diammonium citrate in 3:1 EtOH/ H 2 O, with added NH 4 ? -loaded Dowex cation-exchange beads (Aldrich) and applied to the sample plate. MALDI time-of-flight (TOF) mass spectrometry analysis was performed with a Waters QToF Premier mass spectrometer in positive-ion mode using V-mode optics. THAP is known as a ''hot'' matrix, which results in higher rates of depurination [41] . It was chosen as the matrix for this study because it gave a better signal-to-noise ratio for the short oligonucleotide sequences used. In addition, it is well known that the extent of depurination observed in MALDI is greater for DNA than for RNA [42] . These factors are the most likely contributors to the higher-than-typical extent of depurination of the DNA that was observed.
Results
Growth inhibition and cell viability following NAMI-A treatment
Controlled conditions were first established for subsequent measurements of Ru accumulation in S. cerevisiae following treatment with NAMI-A. Yeast in synthetic complete medium continuously treated with freshly dissolved NAMI-A shows high tolerance for this drug. Concentrations below 100 lM NAMI-A did not result in significant change in culture density for 6 h treatment, whereas treatments with 100-300 lM showed a gradual decrease in cell density, making 100 lM a threshold concentration above which decreases in culture density are clearly observable (Fig. S1a) . Full growth curves for 0, 150, and 450 lM NAMI-A are shown in Fig. 1a , demonstrating a moderate (63 ± 7% of the control at 24 h) and severe (12 ± 3% of the control at 24 h) reduction in culture density for 150 and 450 lM, respectively.
To discriminate between slow and/or reversibly inhibited cell division and full loss of cell viability due to NAMI-A treatment, cell survival was measured by clonogenic assay. After 6 h of drug treatment, NAMI-A-treated yeast was plated on drug-free YEPD medium and allowed to grow for 3 days, at which time the number of resultant colonies was compared with that of the control. The results for four concentrations of NAMI-A ranging from 150 to 600 lM show a moderate decrease in cell viability that does not scale linearly with treatment concentration (Fig. 1b) . Tripling the NAMI-A dose from 150 to 450 lM results in a doubling of the number of nonviable cells (viable cells going down from 80 ± 8 to 59 ± 4%) and a somewhat higher loss of cell culture density (from 88 ± 20 to 53 ± 14%, Table 1 ). This relatively low loss of viability contrasts with the properties of the more cytotoxic cisplatin, which after 6 h at a 200 lM treatment concentration results in a culture density of 72 ± 14%, but only 27 ± 8% viable cells in comparison with controls (Hostetter, Osborn, and DeRose, unpublished results). Taken together, these results indicate that the reduced culture density of NAMI-A-treated yeast is due to a combination of cell death and slowed growth. Typically, yeast that is undergoing slower cell division owing to general metabolic factors has a smaller average cell size [38] . Yeast treated with NAMI-A, however, exhibits an increased average cell size (Fig. S1b) , which might be indicative of cell cycle arrest.
Accumulation of Ru in yeast cells and cellular RNA
The Ru content of whole cells and that of total RNA isolated from yeast treated for 6 h with 0, 150, and 450 lM NAMI-A were quantified by ICP-MS. The results for both whole cells and total RNA show significant Ru accumulation that is proportional to the treatment concentration, roughly tripling when the treatment concentration is tripled (Fig. 2) . Very approximate average cellular Ru concentrations of 370 and 1,200 lM (for 150 and 450 lM NAMI-A treatment, respectively) can be calculated on the basis of these results and estimates for the average volume of growing yeast (see ''Materials and methods''); these values are approximate upper limits, since as noted already, yeast cell sizes increase with treatment. Although cells were washed in triplicate before analysis, an influence from extracellular accumulation of Ru on cell walls cannot be excluded. Nonetheless, the proportional increase in Ru content for both whole cells and extracted RNA indicates that under these conditions cellular uptake of NAMI-A is not saturated and that Ru accumulation in RNA is proportional to the cellular Ru accumulation. . Comparative studies were performed at pH 6.0, chosen to simulate the lower pH often found in tumor tissue [12] , and at pH 7.4 (similar to the pH of blood and healthy cells). A strong preference for Ru coordination to G has been previously observed for DNA [21] , and so a simple model containing a single GG site embedded in a sequence of U or T nucleotides (U 6 GGU 5 and T 6 GGT 5 ) was chosen for this study. Figure 3 shows the MALDI-TOF mass spectra following oligonucleotide treatment with NAMI-A for 24 h at pH 6.0. Owing to the natural abundances of Ru isotopes, of which there are six isotopes that have more than 5% natural abundance (with 101 Ru having the highest abundance at 31.6%) [43] , the product peaks appear broad and of low intensity. In addition to the parent DNA or RNA oligonucleotide ion, the major ? , corresponding to binding at either both Gs or to one G and one U/T. As expected, the relative amount of these three different ?2 Ru products increases with an increase in NAMI-A concentration from 150 to 450 lM. No chloride, aqua, hydroxo, or DMSO ligands are observed in these mass spectra, indicating loss of all but the least exchangeable ligands. This matches previous observations of the loss of labile ligands in both electrospray ionization and MALDI-TOF mass spectra for other metallodrugs bound to oligonucleotides [21, 39, 44] . Because these labile ligands are not observed in MALDI-TOF mass spectra, it is not possible with these data to identify which of these ligands were displaced during aquation or upon binding to the oligonucleotides.
In these mass spectra the overall amount of Ru adduct formation appears to be similar with RNA and DNA oligonucleotides. MALDI-TOF mass spectra are not quantitative owing to differing ionization efficiencies, but qualitative conclusions can be drawn from similar experiments performed with the same oligonucleotides, ionic conditions, and matrix protocols as were used for the data in Fig. 3 . A more exact comparison between RNA and DNA products is for 24 h at 37°C and pH 6.0 in 100 mM NaNO 3 and 2 mM Mg(NO 3 ) 2 . Filled squares denote unmodified, full-length T 6 GGT 5 and U 6 GGU 5 and open squares denote singly depurinated oligonucleotides not possible because the absolute ratio of product to starting material may be influenced by differential ionization, and is additionally difficult owing to the high amount of depurination observed for the DNA oligonucleotide strand.
Interestingly, the apparent increase in the amount of the two different ?1 Ru product species with treatments with 150-450 lM NAMI-A is modest, and a comparison of reaction products at 6 and 24 h shows that the reaction has run to completion by 6 h (Figs. 3, 4, Fig. S2a ). This is surprising as it appears that a significant amount of unreacted oligonucleotides remain despite the 7.5-fold to 22.5-fold excess of NAMI-A. Less reaction is observed for A 5 CCA 6 when compared with T 6 GGT 5 in a side-by-side study, suggesting that the preference for G previously reported in the literature is observed under these conditions as well (Fig. S2b) [21] .
Effects of pH and ascorbate on Ru-oligonucleotide formation following in vitro treatment with NAMI-A Oligonucleotide reactivities at pH 6.0 (simulation of tumor tissue pH) and pH 7.4 (simulation of the pH of blood and healthy cells) were compared and only a slight increase of reactivity at lower pH was observed (Fig. 4) . By contrast, the addition of 2.5 mM ascorbate to the reaction greatly enhanced the reactivity at both pH values, leading to a nearly complete loss of unreacted oligonucleotides, in particular at pH 6.0. Treatment with ascorbate also causes a change in the observed product species; product species bearing a DMSO ligand are now observed ([oligo ? 1Ru(DMSO)] and [oligo ? 1Ru(DMSO)(Im)]), especially at pH 6.0 (Fig. 4) . The changes observed upon treatment with ascorbate are consistent with reduction of Ru(III) to Ru(II), leading to greater oligonucleotide binding and retention of the DMSO ligand.
Discussion
Ru accumulation following NAMI-A treatment in cellulo Growth, viability, and accumulation of Ru in cells and cellular RNA were characterized following treatment of Fig. 4 Representative MALDI-TOF mass spectra of the products of the incubation of 450 lM NAMI-A with 20 lM DNA T 6 GGT 5 or RNA U 6 GGU 5 at pH 6.0 and 7.4, with and without 2.5 mM ascorbate.
Reactions were run for 6 h at 37°C in 100 mM NaNO 3 and 2 mM Mg(NO 3 ) 2 . Filled squares denote the unmodified, full-length T 6 GGT 5 and U 6 GGU 5 strands and open squares denote singly depurinated oligonucleotides S. cerevisiae with 150 and 450 lM NAMI-A, concentrations that produce a moderate and severe reduction in culture density, respectively. On the basis of whole-cell ICP-MS measurements, growth for 6 h in these conditions resulted in estimated intracellular Ru concentrations of approximately 370 and 1,200 lM, indicating significant uptake of Ru from the medium. As a basis of comparison, in a phase I clinical trial the mean maximum Ru concentration observed in patient blood was approximately 1,800 lM (183 ± 17.3 lg/mL) for the maximum recommended dosage (300 mg/m 2 /day, on day 5, course 1) [3] . Both the 150 lM and the 450 lM NAMI-A treatments caused a decrease in the number of viable yeast cells, but this loss is modest in comparison with the more cytotoxic cisplatin, indicating that in the case of NAMI-A a significant portion of the decreased culture density is due to reversible growth inhibition. Indeed, transient cell cycle arrest in human tumor cell lines in the G2/M phase has been seen following treatment with NAMI-A [6] . The relatively high threshold of 100 lM NAMI-A that is required to clearly observe decreases in budding yeast culture density is consistent with previous observations. For example, a threshold of 100 lM NAMI-A was necessary to cause cell cycle effects in the KB tumor cell line, in which a ''significant increase of cells in the S and G2/M phases'' was observed 24 h after exposure [45] . The observed increases in yeast cell size also indicate a halting of the cell cycle. These observations taken together, it is likely that a portion of the reduced culture growth in NAMI-A-treated budding yeast is due to transient cell cycle arrest [38] .
In both total RNA and whole yeast cells Ru accumulated in a dose-dependent manner, indicating that drug uptake is not saturated at 450 lM and that drug accumulation in RNA is proportional to cellular accumulation. This result is consistent with the lack of saturation of Ru accumulation observed in human tumor cell lines treated with NAMI-A at concentrations up to 600 lM [15] . In treated yeast, a significant amount of Ru accumulated in RNA: one Ru every 3,500 ± 1,500 and 1,100 ± 550 nucleotides for 150 and 450 lM NAMI-A, respectively. Assuming that yeast ribosomes, which are 80% of total cellular RNA in logphase growth, accumulate the same amount of Ru as total RNA, there would be on average two or five Ru bound per ribosome [46] . RNA binding of this scale has the potential to cause significant downstream effects and may be involved in the mechanism of cell cycle arrest. The elucidation of the nonfunctional ribosomal RNA decay pathway in yeast is revealing connections between cellular responses to RNA damage and DNA damage [47] . In addition, in humans, a growing body of knowledge connects ribosomal stress (such as the disruption of ribosome biogenesis) to p53 activation and cell cycle arrest [48] . To our knowledge, this is the first study of the effect of NAMI-A on the genetically tractable S. cerevisiae, and also the first to report results of NAMI-A treatment regarding Ru interactions with cellular RNA. The results establish yeast as a model system for studying the effects of NAMI-A on RNA, observing a significant level of drug accumulation that has the potential to cause disruption of RNA function.
Ru-oligonucleotide adduct formation following NAMI-A treatment in vitro When NAMI-A is dissolved in water it undergoes a series of aquation reactions resulting in loss of Cl -, Im, and/or DMSO ligands [19, 49] . The aqua derivatives of the complex can also be in equilibrium with the hydroxo species, producing a wide range of possible active species in solution. The first aquation reaction was measured to take place with a half-life of 20 min at pH 7.4 and of 2 h at pH 6.0 (25°C) [19] . MALDI-TOF mass spectra showed that both RNA and DNA oligonucleotides with a single GG site demonstrated a greater extent of reaction at pH 6.0 than at pH 7.4 when reacted for 6 h in a physiological salt background. The higher yield of products at pH 6.0 could be due to the greater exchangeability of Ru-aqua ligands as compared with hydroxo ligands, which would be expected to form more readily at higher pH, or due to formation of unreactive Ruhydroxo polymers at higher pH values [8, 19] .
The reduction of NAMI-A or its aqua derivatives by ascorbate or other biological reductants prior to treatment has been reported to enhance subsequent in vivo antimetastatic activity [8] . In vitro, NAMI-A reduction by ascorbate has been measured to take place in seconds at pH 7.4 (37°C) and significantly increases the rate of subsequent aquation reactions [49, 50] . For the DNA and RNA oligonucleotides examined here, the presence of ascorbate caused a significant increase in the extent of reaction along with changes in the observed products in the MALDI-TOF mass spectra. Without ascorbate, the main observed products had a single bound Ru or Ru(Im). At pH 6.0, the ascorbate-treated samples showed mainly a single bound Ru or Ru(DMSO). At pH 7.4, both Ru(Im)-and Ru(DMSO)-bound products were present. The increased resiliency of the Ru-DMSO bond following reduction to Ru(II) is likely due to the greater extent of dp-S backbonding that tends to occur in Ru(II)-DMSO complexes as compared with Ru(III) [51] . This increased retention of the DMSO ligand as compared with Im is consistent with the findings of previous studies by Bacac et al. [19] and Brindell et al. [50] , both of which observed Im hydrolysis following reduction of NAMI-A, but to different extents. Our observations are consistent with ascorbate-induced reduction, and indicate that the greater yield of Ru adducts is due to the binding of reduced Ru(II) species to the oligonucleotides [51] .
Conclusion
In summary, our investigations of the effect of NAMI-A treatment on RNA in cellulo and in vitro add to the growing understanding of Ru-based anticancer drugs. Firstly, we observed a nonlinear decrease in cell viability in S. cerevisiae with increasing NAMI-A concentration that corresponds with a moderate decrease in the number of viable cells, consistent with previous reports of high tolerance for this drug. We quantified accumulation of Ru within the cells and found that hydrolysis products of NAMI-A bind to intracellular RNA in numbers large enough to potentially result in an average of two to five Ru bound per ribosome. Secondly, to support our in cellulo studies, we conducted in vitro treatment of DNA and RNA oligonucleotides with NAMI-A both at physiological (7.4) and at lower (6.0) pH values, and in normal and reducing environments. The greatest extent of Ru-RNA adduct formation was observed in the acidic, reducing environment, which is analogous to that of tumor tissue [10] [11] [12] , giving a strong indication that NAMI-A can become activated to react with nucleic acids in the environment of a tumor.
